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A BRIEF HISTORY OF THE NEUTRINO
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Conception

Before 1930’s : beta decay spectrum continuous - is this en-

ergy non-conservation?

Dec 1930: Wolfgang Pauli’s letter to physicists at a workshop

in Tubingen proposes that a neutrally charged “neutron” with

a mass “ < 0.01 proton mass” is emitted in beta-decays.

1932: James Chadwick discovers the neutron - its too heavy -

cant be Pauli’s particle

Solvay Conference 1933: Fermi proposes to name Pauli’s par-

ticle “neutrinos”.

Wolfgang Pauli

Enrico Fermi

≥ 1933: Fermi builds his theory of weak interactions and beta decay
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Detecting Neutrinos
1950’s: Fred Reines at Los Alamos and Clyde Cowan mounted an experiment

at the Hanford nuclear reactor in 1953 and in 1955 at the new Sav annah River

nuclear reactor. A detector filled with water with CdCl2 dissolved in it was

located 11 meters from the reactor center and 12 meters under ground.

The detection sequence was as follows:

1. ν̄e + p → n + e+

2. e+ + e− → γγ (2X 0.511 MeV)

3. n+108 Cd →109 Cd∗ →109 Cd+ γ (τ = 5µs).

Neutrinos first detected from a reactor!
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Neutrinos have flavors
1962: Leon Lederman, Melvin Schwartz and Jack Steinberger use BNL’s

Alternating Gradient Synchrotron (AGS) to produce a beam of ne utrinos

using the decay π+ → µ+νx
� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �

� � � � � � � � �� � � � � � � � �� � � � � � � � �� � � � � � � � �
� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �

� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �� � � �

p+ π

µ

νµ
µ

Target

Iron absorber

(Spark chamber?)
10 ton detector

20m

The AGS Making ν ’s

Result: 40 neutrino interactions recorded in the detector, 6 of the r esultant

particles identified as e (expected bkgd) and 34 identified as µ ⇒ νx = νµ

The first accelerator neutrino experiment was at the AGS.
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DISCOVERY OF NEUTRINO
MASS/MIXING/OSCILLATIONS
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The Homestake Experiment
1967: Ray Davis builds a large detector at BNL, containing 615

tons of tetrachloroethylene (cleaning fluid) and places it 1 .6km

underground in Homestake mine, SD.

1. νsun
e +37 CL → e− +37 Ar, τ(37Ar) = 35 days.

2. Number of Ar atoms = number of νsun
e interactions. Ray Davis

Results: 1969 - 1993 Measured 2.5 ± 0.2 SNU

(1 SNU = 1 neutrino interaction per second

for 1036 target atoms) while theory predicts 8

SNU. This is a νsun
e deficit of 69% .

Mary Bishai, BNL 8 – p.8/61



The atmospheric neutrino deficit
Neutrinos are produced from cosmic ray in-

teractions in the atmosphere. The atmo-

spheric neutrino beam is approx 1/3(νe+ν̄e)

and 2/3(νµ + ν̄µ). (NB: E(νsun
e ) ≤ 52.8 MeV

whereas E(νatm) = O(GeV) −O(TeV)).

The 80’s and 90’s : Measurement of the ratio:

R =
(νµ/νe)data

(νµ/νe)MC

in different expts reveals a 40% deficit of νµ
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Evidence for neutrino oscillations
2001-02: Sudbury Neutrino Observatory . Water

C̆erenkov detector with 1 kT heavy water located 2Km

below ground in INCO’s Creighton nickel mine near

Sudbury, Ontario. Can detect the following νsun in-

teractions:

1) νe + d → e− + p + p (CC).

2) νx + d → p + n + νx (NC).

3) νx + e− → e− + νx (ES).

SNO measured:

φCC
SNO(νe) = 1.75 ± 0.07(stat)+0.12

−0.11(sys.) ± 0.05(theor) × 106cm−2s−1

φES
SNO(νx) = 2.39 ± 0.34(stat)+0.16

−0.14(sys.) ±×106cm−2s−1

φNC
SNO(νx) = 5.09 ± 0.44(stat)+0.46

−0.43(sys.) ±×106cm−2s−1

νe has changed to νx!
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Neutrino mixing
In 1962 Maki, Nakagawa, Sakata proposed a 2 flavor mixing matrix. The

3-flavor form now used (attributed to MNS and Pontecorvo) is:








νe

νµ

ντ








=








Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3








︸ ︷︷ ︸

UPMNS








ν1

ν2

ν3








BUT: Notable difference with CKM matrix- very large off diag onal terms:

UPMNSP ∼








0.8 0.5 ?
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0.4 0.6 0.7








VCKM ∼
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Neutrino Matrix Parameterization

U =








1 0 0

0 c23 s23

0 −s23 c23








︸ ︷︷ ︸

Atmospheric ν′s








c13 0 eiδCPs13

0 1 0

−eiδCPs13 0 c13








︸ ︷︷ ︸

Reactor ν′s








c12 s12 0

−s12 c12 0

0 0 1








︸ ︷︷ ︸

Solar ν′s

where cαβ = cos θαβ and sαβ = sin θαβ and δCP is the CP phase.
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Neutrino oscillations
Assume 2 flavors only:




νa

νb



 =




cos(θ) sin(θ)

− sin(θ) cos(θ)








ν1

ν2





νa(t) = cos(θ)ν1(t) + sin(θ)ν2(t)

P (νa → νb) = | < νb|νa(t) > |2

= sin2(θ) cos2(θ)|e−iE2t − e−iE1t|2

P (νa → νb) = sin2 2θ sin2 1.27((m2
2
−m2

1
)/eV 2)(L/km)

(E/GeV )

P (νa → νa) = 1 − sin2 2θ sin2 1.27((m2
2
−m2

1
)/eV 2)(L/km)

(E/GeV )
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The Super-Kamiokande Detector

A huge 50kT double layered tank of ultra pure wa-

ter surrounded by 11,146 20” diameter photomulti-

plier tubes. Located in an old zinc mine 0.6km un-

der Mount Ikena in the Japanese Alps, near the town

of Kamioka. The project has been collecting data

since 1 April 1996.

θc

Particle id using rings of

C̆erenkov light
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Measurement of νatm oscillations

Milind Diwan

Best fit : (sin2 2θ23,∆m2
32) = (1.02, 2.4 × 10−3eV 2)

sin2 2θ23 > 0.90 and 1.9 < ∆m2
32 < 3.0 × 10−3eV 2 at the 90% CL.
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The K2K experiment
Confirm the SK oscillation result using νµ beam from KEK. L = 250

km.
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Neutrino interactions - redux

Yoshinari Hayato
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K2K results
“Evidence for muon neutrino oscillation in an accelerator-based experiment” (The

K2K Collaboration) PRL 94 (2005) 081802

Results: Using 8.9 × 1019 protons-on-target (POT) .

Find 107 fully contained events in SK fiducial volume

Expected 151+12
−10(syst) expected .
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Best fit : (sin2 2θ23,∆m2
32) = (1.0, 2.8 × 10−3eV 2)
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INTRODUCTION TO NuMI/MINOS
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NuMI/MINOS Concept
Far Detector

735 km

11.1 km

Fermilab Soudan

Near Detector
0.98 kT 5.4 kT

Fermilab’s Main Injector, Illinois

120 GeV protons, 2.5 × 1013 pro-

tons/ 8 µsec pulse, 1.9 sec rep rate.

⇒ 0.25 MW

Soudan Underground Lab, Minnesota
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MINOS Beam Spectrum

LE beam at 2.5 × 1020 POT/yr ⇒ expect 1600 events/yr in FD
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MINOS νµ Disappearance

Plot ratio of yield at far

det. to expected from

near det.

Location and depth of dip

yield δm2 and sin2 2θ

Assume δm2 = 0.0025

eV2, sin2 2θ = 1.0

3 years at nominal intensity (top). Intensity upgrades (bot tom)

Determine δm2 to 10 % Rule out exotic oscillation models
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MINOS νe Appearance Sensitivity

Detection of νe at ∆m2
atm. Evidence for non-zero θ13
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The Far Detector

8m × 2.54 cm thick Fe plates

4.1w × 1d × 800l cm

scintillator strips with WLS fiber

readout. 486 layers ⇒ 5.4kTon

Toroidal B-field, 1.3 T at r = 2m

Cosmic µ veto shield
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FD νatm Physics

First νatm, ν̄atm seperation:
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The Calibration Detector
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The Near Detector

Calorimeter region

Spectrometer region
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Beam Performance

Target cooling
water leak

Horn 2 short
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ND Lots and Lots of νs

At 2.5 × 1013 p/spill

Target is in ME posi-

tion.

ND scintillator read-

out has 19ns resolu-

tion (same as bunch

length).

Timing information

is used to separate

events.

Run: 6578        Snarl:  118        All  21 Slices

Reconstruction Summary
 Tracks:  16         Showers: 15
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ND Beam Neutrino Properties

Time difference between ND

hits and beam extraction .

NuMI 18.87ns bunches come in

5 batches .

Angle between µ track direction and beam

direction:

Distribution of LE neutrino interaction ver-

tices
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ND Beam Energy Scan

By varying the distance of the target from Horn 1 we get 3 energ y spectra: 1)

LE: target in Horn1 2) pME’: target 1m from Horn 1 3) pHE: target 2.5m from

Horn 1 .

VERY preliminary agreement between data and MC
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1st FD Beam Neutrino, March 7 ’05
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FD Beam Neutrino Properties
The MINOS FD neutrino beam data is blinded. We will open the bo x ∼ early

2006. Some properties of the first unblinded FD events:

FD events are correlated with beam time
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OFF-AXIS NEUTRINO BEAMS
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Off-Axis - The Idea
First proposed for BNL E-889 (1995):

In the decay π → µν for a given angle θ there is a maximum possible ν

energy, as the ν energy approaches this value a large range of π energies

contribute to a small range of ν energies.
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The T2K Experiment
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T2K νµ → νe Sensitivity

Improve S:B by focusing the ν beam

energy at the oscillation maximum.

Mary Bishai, BNL 37 – p.37/61



THE CASE FOR A WIDE-BAND+VERY LONG BASELINE SUPER
NEUTRINO BEAM
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Why a Very Long Baseline?

Sensitivity to atmospheric ( ∆m2
32) AND solar ( ∆m2

21) oscillation scales

Verify oscillation behaviour by ob-

serving multiple nodes

Resolution of Eνµ < 1GeV/c2

dominated by Fermi motion ⇒

maximize L = O(1000) km

Higher energies = larger cross-

sections

Very long baseline = multiple node pat-

tern is detectible for all ∆m2
32 range.

More nodes = higher precision. Baseline (km)
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VLB Disappearance Sensitivity
For a BNL-Homestake 2540 km baseline:
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32 and sin2 2θ23 if detector energy scale uncert ∼ 1%
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VLB νe Appearance Sensitivity
In neutrino oscillations with θ13 6= 0, matter effects change νµ → νe

oscillation probability . More matter = larger effects

 (GeV)νE
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
0

0.01

0.02

0.03

0.04

0.05

0.06

,e) at 300 kmµP(

 > 02 m∆

 < 02 m∆

Vaccum

Brett Viren, 2005/06/30

,e) at 300 kmµP(

 (GeV)νE
1.6 1.8 2 2.2 2.4 2.6 2.8 3

0

0.01

0.02

0.03

0.04

0.05

0.06

,e) at 800 kmµP(

 > 02 m∆

 < 02 m∆

Vaccum

Brett Viren, 2005/06/30

,e) at 800 kmµP(

 (GeV)νE
1 2 3 4 5 6

0

0.01

0.02

0.03

0.04

0.05

0.06

,e) at 2540 kmµP(

 > 02 m∆

 < 02 m∆

Vaccum

Brett Viren, 2005/06/30

,e) at 2540 kmµP(

Longer L = better resolution of the

Mass hierarchy
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CP Violation Sensitivity

Marciano (hep-ph/0108181):

CP asymmetry in νµ → νe , A, grows

with L Flux at far detector goes as

1/L2. ⇒ FOM = A2Nν/(1 − A2)

is ∼ constant

FOM independent of baseline

1 GeV neutrino, vacuum
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Guaranteed νe Appearance
If sin2 2θ13 is small ⇒ δcp measurement not possible

BUT observation of νe appearance is still possible from the current value of

the solar parameters:

P (νµ → νe) ∼
(

∆m2
21

∆m2
31

)2
sin2 2θ12 cos2 θ23

∆m2
31

L/4Eν
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Only feasible with the longer baseline (2540 km)
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Separating Multiple νµ → νe Effects

energy sin2 2θ13 ∆m2
32 δCP = θ23

(GeV) > 0 (> 0, < 0) (π
4 ,−π

4 ) (< π
4 , > π

4 )

ν 0–1.2 ↑ –, – ↑, ↓ ⇑, ⇓

1.2–2.2 ↑ –, – ⇑, ⇓ ↓, ↑

> 2.2 ↑ ⇑, ⇓ ↑, ↓ ↓, ↑

ν̄ 0–1.2 ↑ –, – ↓, ↑ ⇑, ⇓

1.2–2.2 ↑ –, – ⇓, ⇑ ↓, ↑

> 2.2 ↑ ⇓, ⇑ ↓, ↑ ↓, ↑

Need a broadband beam with Eν = 1 to 6 GeV

For 3 generations we do not need ν̄ !
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BNL baselines
The US is ≈ 4500 km coast-to-coast. Brookhaven National Lab is located on

the eastern coast ⇒ ideal for O(2000) km baselines .

BNL-Homestake mine = 2540 km BNL-Henderson mine = 2700 km
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The AGS as a proton source

The Alternating Gradient Synchrotron at

BNL accelerates 1.5 GeV/ c protons

from the Booster up to 33 GeV/ c. Typ-

ical intensity achieved for slow ex-

tracted beam is 6.7 × 1013 protons

at a rep rate of 0.5 Hz ⇒ the most in-

tense proton beam in the world
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BNL ν beam spectrum

Detailed simulation of a 28 GeV pro-

ton beam on a graphite target with a

wideband focusing horn.

Beam can be run in either neutrino or

anti-neutrino mode.

A combination of neutrino and

anti-neutrino running will constrain

sin2 θ13 ∼ 0.003.

BNL Wide Band. Proton Energy = 28 GeV
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AGS 28 GeV protons will produce a spectrum of Eν = 1 to 10 GeV/c2

Well matched to baseline ∼ 2000 km
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BNL Conceptual Design Report
BNL-73210-2004-IR available at http://raparia.sns.bnl. gov/nwg ad/
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AGS MW Beam Upgrade
Very long baseline = low ν flux at the far detector ⇒ need 1-2 MW beam and

megaton detectors To increase rep rate from 0.5 - 2.5 ⇒ replace booster.

BOOSTER

High Intensity Source

plus RFQ

To RHIC

400 MeV

800 MeV

1.2 GeV

To Target Station

AGS
1.2 GeV 28 GeV

0.4 s cycle time (2.5 Hz)

0.2 s 0.2 s

200 MeV

200 MeV Drift Tube Linac

Superconducting Linacs

Linac design is driven by lenght con-

strain = 120m. We need a 1.2-1.5 GeV

linac to replace booster.

A 1 GeV proton SCL for the

Spallation Neutron Source

has already been built

Mary Bishai, BNL 49 – p.49/61



Getting the beam to Homestake

Beam needs to point downwards at 11.3 ◦ to reach detector at 2540 km

Build a hill instead of a tunnel! = hadrons above water
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BNL 1MW ν beam cost estimate

Total direct cost is FY 04 $ 273.4 M.

Total estimated cost is FY 04 $ 406.9 M (including 30% contingency)
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Construction Schedule
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PHYSICS SENSITIVIES OF L=1290,2540 km BROADBAND VERY
LONG BASELINE EXPT.

M. Diwan, “The Case for a Super Neutrino Beam”. Conference pro ceedings

of Heavy Quarks and Leptons, San Juan, Puerto Rico, June 1-June 5, 2004,

hep-ex/0407047.
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Raw Event Counts
1 (2) MW ν (ν̄), 500 kT, L=2540km, 5 × 107 sec.

CC νµN → µ−X 51800 (30050) NC νµN → νµX 18323 (11540)

CC νeN → e−X 380 (106)

QE νµn → µ−p 11767 (11868) NC elastic 4575 (3882)

QE νen → e−p 84 (80)

CC Single π 22053 (11872) NC Single π 7741 (5074)

CC Two π 10143 (3336) NC Two π 3557 (1630)

CC > 2 π 4882 (500) NC > 2 π 1729 (560)

CC ντN → τ−X ∼ 110 (40) (depends on ∆m2)
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νµ Disappearance
Results for clean QE µ. MC includes fermi motion, detector resolution and

non-QE backgrounds

νµ disappearance
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Oscillation pattern in spectrum = low sensitivity to flux nor malization

Both baselines will determine ∆m2
32 and sin2 2θ32 to ∼ 1%
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νe appearance (normal hierarchy)
Longer baseline ⇒ oscillation visible

νe APPEARANCE
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Tot Backg.: 566 evts
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Already assuming 10% background uncertainty
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Sensitivity to δcp (normal heirarchy)

Resolution δCP vs Sin 22θ13
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Although CP resolution is ≈ independent of baseline

Shorter baseline = systematics limited
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ν̄e appearance (normal hierarchy)
Lower cross-sections ⇒ need 2 MW beam

Anti- νe APPEARANCE
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Mass hierarchy resolved to better than 10 σ after ν ν̄ running.

Sensitive to new physics
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Limits after ν̄ running
90% confidence level error contours with statistical and 10% systematic

errors:

Regular hierarchy ν and Anti ν running
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If no νe ⇒ observed ⇒ limit sin2 2θ13 ∼ 0.003
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SUMMARY AND CONCLUSIONS
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Summary and Conclusions
Accelerators played a key role in understanding ν properties at the

discovery phase.

In recent and near-future experiments like MINOS and T2K, ac celerator

based ν experiments will provide the best precision on the measurem ent of

sin2 2θ23 and ∆m2
32.

Off-axis experiments such as T2K will further constrain the measurement of

sin2 2θ13 at a level that is competitive with reactor experiments.

For the next generation of accelerator experiments, a wide- band, very long

baseline ( > 1200Km) experiment is the optimal choice of expt. to provide

precision measurements of the other unknowns in the neutrin o sector: the

mass hierarchy, CP violation in the lepton sector, is θ13 =0?, the sign of θ23,

sensitivity to new physics....
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